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HIGHLIGHTS 


•  NiFeCu  alloy  catalysts  were  prepared  by  three  different  methods. 

•  NiFe— Zr02/Cu  (IMP)  catalyst  showed  highest  coking  resistance  toward  methane. 

•  High  power  output  of  1165  mW  crrT2  was  obtained  with  CH4— 02  as  fuel  at  850  °C. 

•  The  fuel  cell  with  this  NiFe-Zr02/Cu  (IMP)  catalyst  layer  delivered  good  stability. 
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In  this  study,  a  new  anode  catalyst  based  on  a  NiFeCu  alloy  is  investigated  for  use  in  direct-methane  solid 
oxide  fuel  cells  (SOFCs).  The  influence  of  the  conductive  copper  introduced  into  the  anode  catalyst  layer 
on  the  performance  of  the  SOFCs  is  systematically  studied.  The  catalytic  activity  for  partial  oxidation  of 
methane  and  coking  resistance  tests  are  proposed  with  various  anode  catalyst  layer  materials  prepared 
using  different  methods,  including  glycine  nitrate  process  (GNP),  physical  mixing  (PM)  and  impregnation 
(IMP).  The  surface  conductivity  tests  indicate  that  the  conductivities  of  the  NiFe-Zr02/Cu  (PM)  and  NiFe 
— Zr02/Cu  (IMP)  catalysts  are  considerably  greater  than  that  of  NiFe— Zr02/Cu  (GNP),  which  is  consistent 
with  the  SEM  results.  Among  the  three  preparation  methods,  the  cell  containing  the  NiFe— Zr02/Cu  (IMP) 
catalyst  layer  performs  best  on  CH4— 02  fuel,  especially  under  reduced  temperatures,  because  the  coking 
resistance  should  be  considered  in  real  fuel  cell  conditions.  The  cell  containing  the  NiFe— Zr02/Cu  (IMP) 
catalyst  layer  also  delivers  an  excellent  operational  stability  using  CH4-02  fuel  for  100  h  without  any 
signs  of  decay.  In  summary,  this  work  provides  new  alternative  anode  catalytic  materials  to  accelerate  the 
commercialization  of  SOFC  technology. 

©  2014  Elsevier  B.V.  All  rights  reserved. 


1.  Introduction 

A  chemical  bond  is  one  of  the  most  effective  methods  of  energy 
storage,  and  chemicals  that  are  rich  in  high-energy  bonds  have 
been  widely  used  as  fuels.  To  release  the  chemical  energy  stored  in 
the  bonds,  chemical  or  electrochemical  reactions  must  be  con¬ 
ducted.  Combustion  is  the  simplest  way  to  release  chemical  energy 
in  the  form  of  heat.  In  many  applications,  electrical  power  is 
preferred  because  it  is  much  more  flexible  and  manageable.  In  a 
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commercial  fire  power  plant,  the  chemical  energy  is  first  converted 
to  mechanical  energy  using  combustion  engines,  and  then  the 
mechanical  energy  is  further  converted  to  electric  power.  This 
process  is  applied  widely  for  the  generation  of  electric  power  from 
fuels;  however,  it  is  limited  by  the  Carnot  cycle  and  its  low  energy 
conversion  efficiency  is  unavoidable. 

Fuel  cells  are  a  type  of  energy  conversion  device  that  can  release 
chemical  energy  directly  into  electric  power  without  any  inter¬ 
mediate  processes,  allowing  the  energy  conversion  efficiency  to  be 
twice  as  high  as  that  of  a  combustion  engine.  Thus,  over  the  past 
decades,  rapidly  expanding  research  activities  on  fuel  cells  have 
been  carried  out.  One  significant  advantage  of  solid  oxide  fuel  cells 
(SOFCs)  over  the  low-temperature  fuel  cells  is  fuel  flexibility 
because  the  high  operation  temperature  facilitates  the  cleavage  of 
chemical  bonds  to  release  chemical  energy.  Thus,  in  addition  to 
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hydrogen,  various  stable  fuels,  such  as  hydrocarbons,  ammonia, 
carbon  monoxide  and  even  solid  carbon,  can  be  used  as  potential 
fuels  for  SOFCs  [1—5].  When  compared  to  gasoline  and  coal,  natural 
gas  (methane)  is  much  cleaner;  therefore,  natural  gas  as  a  fuel  has 
recently  attracted  increasing  attention.  In  particular,  methane- 
fueled  SOFCs  are  believed  to  potentially  reduce  emissions  and  in¬ 
crease  fuel  efficiency  [6-10]. 

State-of-the-art  SOFC  anodes  are  Ni-YSZ  cermets,  which  are 
prone  to  coke  formation  when  operating  on  carbon-containing 
fuels,  because  Ni  is  a  good  catalyst  for  the  cracking  of  hydrocar¬ 
bons.  Over  the  past  decades,  considerable  research  efforts  have 
been  directed  towards  the  development  of  innovative  non-nickel- 
based  anodes  [11,12].  However,  the  performances  of  these  anodes 
are  still  not  satisfactory.  To  date,  the  conventional  Ni  cermet  anodes 
are  the  preferred  choice  for  practical  applications  because  of  their 
low  cost,  high  electronic  conductivities,  reasonable  ionic  conduc¬ 
tivities,  high  stability  under  reducing  atmospheres  and  high  oper¬ 
ational  temperatures,  moderate  thermal  expansion  coefficient  that 
matches  well  with  that  of  the  YSZ  electrolyte  and  high  electro- 
catalytic  activity.  The  key  to  realizing  the  successful  operation  of  Ni- 
based  cermet  anodes  on  carbon-containing  fuels  is  to  increase  their 
coking  resistance. 

Modifying  the  outer  surface  of  conventional  Ni-based  cermet 
anodes  with  a  catalyst  layer  of  high  activity  for  the  steam/carbon 
dioxide  reforming  reaction,  partial  oxidation  of  hydrocarbons  and 
good  resistance  towards  coke  formation  is  one  of  the  simplest  ways 
to  increase  the  operational  stability  and  performance  of 
hydrocarbon-fueled  SOFCs  [13-15].  Barnett  and  Zhan  first  adopted 
this  concept  and  deposited  a  thin  Ru-Ce02  layer  onto  the  outer 
surface  of  a  Ni-YSZ  anode  for  the  reforming  of  hydrocarbons  into 
syngas  13].  The  excellent  coking  resistance  of  Ru-Ce02  permitted 
the  cells  to  operate  in  an  internal  reforming  mode  with  a  wider 
range  of  fuels.  However,  the  high  price  and  poor  thermo¬ 
mechanical  compatibility  with  nickel-cermet  anodes  during  ther¬ 
mal  and  redox  cycling  of  Ru-Ce02  make  it  less  attractive  in  prac¬ 
tical  applications  [16]. 

In  our  previous  study,  NiFe-ZrC^  alloy  catalysts  were  syn¬ 
thesized  and  investigated  for  the  anode  catalyst  layer  for  partial 
oxidation  of  methane  in  SOFCs  17].  However,  all  of  those  catalysts 
(Ru-Ce02  and  NiFe-Zr02)  displayed  poor  conductivity,  intro¬ 
ducing  serious  current  collecting  problems,  which  would  limit 
them  from  use  in  fuel  cells  for  practical  applications.  The  electrical 
conductivity  can  be  substantially  improved  with  the  addition  of 
proper  amounts  of  inert  metallic  copper  18].  As  a  result,  high 
power  output  and  superior  coking  resistance  are  obtained  with 
the  copper-incorporated  catalysts.  Additionally,  the  preparation 
method  may  also  have  significant  effects  on  the  performance  of  a 
catalyst  [19].  It  is  therefore  worthwhile  to  understand  how  the 
conductive  copper  introduced  into  the  anode  catalyst  layer  in¬ 
fluences  the  performance  of  the  catalyst.  In  this  study,  several 
methods  of  introducing  copper  into  the  NiFe— Zr02  catalyst 
were  explored,  and  their  effects  on  the  catalytic  activity  for 
methane  conversion,  coking  resistance  and  particularly  on  cell 
performance  operating  on  methane  fuel  were  systematically 
investigated. 


2.  Experimental 

2.1.  Synthesis  and  fabrication 

To  synthesize  the  NiFe-Zr02  catalyst  powders  with  a  compo¬ 
sition  of  24  wt.%  Ni,  6  wt.%  Fe  and  balanced  by  Zr02,  primary 
products  were  first  obtained  via  a  glycine-nitrate  solution  com¬ 
bustion  technique  [17].  The  as-obtained  primary  powders  were 


further  calcined  at  850  °C  in  static  air  for  5  h  to  obtain  the  desired 
catalysts.  To  improve  the  electrical  conductivity  to  be  more  suitable 
for  fuel  cell  applications,  50  wt.%  copper  was  added  to  the  NiFe- 
Zr02  catalyst.  Three  methods  for  the  introduction  of  copper  into  the 
catalyst  were  adopted.  First,  copper  in  the  form  of  Cu(N03)2 
(Sinopharm  chemical  reagents  Co.,  Ltd.,  China)  was  introduced 
during  the  solution  combustion  stage,  and  the  final  product  was 
named  NiFe-ZrC^/Cu  (GNP),  with  a  composition  of  12  wt.%  Ni, 
3  wt.%  Fe,  50  wt.%  Cu  and  balanced  Zr02.  Second,  the  NiFe-Zr02/Cu 
composite  catalyst  was  prepared  by  physical  mixing  (PM)  of  the  as- 
prepared  NiFe-Zr02  catalyst,  by  solution  combustion,  and  copper 
oxide  (CuO)  powder  via  hand  grinding  with  the  help  of  an  agate 
mortar  and  pestle.  The  weight  ratio  of  NiFe-Zr02  to  copper  was  1:1. 
After  physical  mixing,  the  catalysts  were  further  calcined  at  850  °C 
in  static  air  for  5  h.  This  catalyst  was  labeled  NiFe-ZrC^/Cu  (PM). 
Third,  an  impregnation  process  (IMP)  was  used  to  introduce  copper 
to  the  NiFe-Zr02  catalyst,  and  the  as-obtained  catalyst  was  labeled 
NiFe-Zr02/Cu  (IMP).  For  a  typical  synthesis,  a  proper  amount  of 
copper  nitrate  solution  was  first  slowly  impregnated  into  the  NiFe- 
Zr02  catalyst  powder  with  stirring  for  several  times  to  achieve  the 
required  copper  content  and  then  aged  at  room  temperature  for 
5  h.  After  drying,  the  catalyst  was  calcined  at  850  °C  in  static  air  for 
5  h.  For  catalytic  performance  and  carbon  deposition  tests,  the 
catalyst  powders  were  pressed  into  disk-shaped  pellets  and  then 
crushed  into  40-60  mesh  grains. 

The  fuel  cells  applied  in  this  study  were  composed  of  a 
Lao.8Sro.2Mn03  (LSM)  cathode,  a  (Y203)o.i(Zr02)o.9  (YSZ)  electrolyte 
and  a  NiO  +  YSZ  anode  (NiO:YSZ  =  60:40,  by  weight).  The  LSM 
cathode  material  was  synthesized  using  a  combined  EDTA-citrate 
complexation  sol-gel  process  with  metal  nitrates  (analytical  re¬ 
agents)  as  the  cation  sources  [20].  NiO  and  YSZ  are  commercial 
products  obtained  from  a  suitable  supplier  (Chengdu  Shudu  Nano¬ 
science  Co.,  Ltd.  and  Tosoh,  respectively).  To  fabricate  the  fuel  cells, 
disk-shaped  anode  substrates  were  prepared  using  a  tape-casting 
technique.  Detailed  information  about  the  fabrication  of  the 
three-layer  single  cell  can  be  found  in  our  previous  work  18].  The 
dimensions  of  the  three  SOFC  cells  are  11  mm  in  diameter  after 
calcined  at  1400  °C.  The  porosities  of  the  three  SOFC  cells  are  about 
40%  after  the  hydrogen  reduction  process.  To  prepare  the  catalyst 
layer,  a  slurry  of  the  catalyst  powder  was  prepared  and  was  then 
screen-painted  onto  the  outer  surface  of  the  anode  layer  and  sin¬ 
tered  at  850  °C  for  1  h.  In  the  stability  test,  a  mesh-like  morpho¬ 
logical  structure  of  silver  paste  was  placed  via  a  stick  directly  onto 
the  LSM  cathode  surface  to  create  the  current  collector  and  then 
fired  at  180  °C  for  1  h. 

2.2.  Catalytic  evaluation 

The  catalytic  activity  of  the  various  catalysts  was  tested  in  a 
flow-through  type  fixed-bed  quartz-tube  reactor  with  an  inner 
diameter  of  -8  mm.  Approximately  0.2  g  of  40-60  mesh  catalyst 
particles  were  located  in  the  middle  section  of  the  reactor.  For 
catalytic  partial  oxidation  of  methane  test,  a  gas  mixture 
composed  of  CH4,  O2  and  He  at  a  molar  ratio  of  2:1:16  and  a  total 
flow  rate  of  95  mL  min-1  [STP]  was  introduced  from  the  top  of  the 
reactor  and  controlled  with  the  help  of  AFC  80MD  digital  mass 
flow  controllers  (Qualiflow).  Compositional  analysis  of  the  effluent 
gases  from  the  bottom  of  the  reactor  was  performed  using  a 
Varian  3800  gas  chromatograph,  which  was  equipped  with  a 
Hayesep  Q,  a  Poraplot  Q,  a  5  A  molecular  sieve  capillary  column 
and  a  thermal  conductivity  detector  (TCD)  for  the  separation  and 
detection  of  H2,  O2,  CO,  CO2  and  CH4.  The  catalytic  reactions  were 
performed  at  600-850  °C.  The  calculation  methods  of  methane 
conversion  and  CO  selectivity  were  described  specifically  in  our 
previous  work  [21]. 
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2.3.  Characterization 

The  phase  structure  of  the  various  samples  was  examined  using 
an  X-ray  diffractometer  (XRD,  D8  Advance,  Bruker,  Germany)  with 
Cu  Ka  radiation  (A  =  0.1541  nm).  Hydrogen  temperature- 
programmed  reduction  (H2-TPR)  was  used  to  identify  the  chemi¬ 
cal  interaction  between  the  nickel  phase  and  the  support  [21], 
while  oxygen  temperature-programmed  oxidization  (O2-TPO)  was 
used  to  test  the  coking  resistance  of  the  various  catalysts  [21].  The 
I—V  and  I—P  polarization  curves  of  the  fuel  cells,  tested  in  4-probe 
mode  at  650-850  °C,  were  obtained  using  a  Keithley  2420  source 
meter.  During  the  measurements,  hydrogen  or  CH4-O2  gas  mix¬ 
tures  were  fed  into  the  anode  chamber  while  ambient  air  was 
supplied  as  the  oxidant  gas  to  the  cathode  chamber.  The  flow  rates 
of  hydrogen  and  methane  were  maintained  at  80  mL  min-1  [STP]. 
Morphologies  of  the  different  catalyst  layers  were  observed  by  a 
field  emission  scanning  electron  microscopy  (FESEM,  JEOL-S4800). 

The  surface  conductivity  of  the  catalysts  was  measured  in 
hydrogen  at  850  °C  using  the  4-probe  DC  method.  Silver  paste  was 
painted  onto  the  surface  of  the  catalyst  layer  (separated  by  a  dis¬ 
tance  of  S)  to  form  current  and  voltage  electrodes.  Two  silver  wires 
were  used  as  voltage  contacts  and  attached  to  the  electrodes  with 
silver  paste.  Alternatively,  the  other  silver  wires  were  used  as  cur¬ 
rent  contacts.  A  constant  current  was  applied  to  the  current  wires, 
and  the  responses  of  the  voltage  wires  were  recorded  with  a 
Keithley  2420  source  meter.  The  conductivity  was  calculated  as 
follows: 

"  =  5SV  (1) 

where  p  is  the  conductivity  (S  cm-1),  S  is  the  distance  between  the 
probes  (cm),  V  is  the  voltage  (V),  and  I  is  the  current  (A)  [22]. 

3.  Results  and  discussion 

3.1.  Basic  properties 

It  is  well  known  that  copper  oxide  can  form  a  solid  solution  with 
other  metal  oxides.  In  fact,  the  mutual  dissolve  among  copper  ox¬ 
ide,  nickel  oxide  and  iron  oxide  is  very  flexible;  thus,  a  wide  range 
of  solid  solutions  or  composite  oxides  can  form,  as  reported  in  the 
literature  [23,24].  Additionally,  metallic  copper  may  also  form  al¬ 
loys  with  other  metals,  such  as  nickel  and  iron.  Different  prepara¬ 
tion  methods  may  result  in  different  phase  compositions  of  the 
NiFe-Zr02/Cu  catalysts,  thereby  affecting  the  catalytic  activity  and 
coking  resistance  properties. 

To  examine  the  role  that  the  preparation  method  had  on  the 
phase  composition  of  NiFe-ZrC^/Cu  catalysts,  both  the  unreduced 
and  reduced  catalysts  prepared  using  the  three  different  afore¬ 
mentioned  methods  were  examined  by  XRD,  and  the  correspond¬ 
ing  patterns  are  shown  in  Fig.  la  (unreduced)  and  Fig.  lb  (reduced). 
The  XRD  patterns  of  the  copper-free  NiFe-Zr02  catalyst  are  also 
presented  for  comparison.  For  the  unreduced  copper-free  catalyst 
prepared  using  the  solution  combustion  technique,  five  phases 
were  observed  in  the  catalyst:  monoclinic  Zr02  phase,  NiO,  Nix_ 
Fe3_x04  spinel-type  composite  oxide,  Fe2C>3  and  Fe304.  When 
copper  was  introduced  to  all  three  catalysts,  in  addition  to  Zr02, 
NiO  and  NixFe3_x04,  new  phases  of  CuO  and  a  Cuo.2Nio.s02-type 
solid  solution  were  observed.  This  result  suggests  that  the  copper 
oxide  likely  reacted  partially  with  the  nickel  in  the  catalysts  to  form 
a  new  CuO-NiO  solid  solution.  Because  the  catalysts  are  composed 
of  much  higher  concentrations  of  copper  (50  wt.%)  than  nickel 
(12  wt.%),  the  catalyst  should  have  poorer  activity  for  methane 
oxidation/reforming  but  lower  coke  formation.  The  depletion  of 


Fig.  1.  XRD  patterns  of  the  various  NiFe-Zr02/Cu  catalysts  before  and  after  the 
hydrogen  reduction  at  850  °C. 


nickel  from  the  nickel  catalysts  and  the  dissolution  into  the  copper 
may  have  unfavorable  effects  on  the  catalytic  activity  of  the  cata¬ 
lysts.  Because  of  the  multi-phases  within  the  catalysts,  it  is  difficult 
to  precisely  compare  the  concentrations  for  the  various  species. 
However,  from  Fig.  la,  it  is  clear  that  the  peak  intensity  of  CuO  in 
the  NiFe-Zr02/Cu  (PM)  catalyst  is  noticeably  higher  than  for  the 
other  two  catalysts.  This  result  suggests  that  the  interaction  be¬ 
tween  CuO  and  the  NiFe-Zr02  catalyst  was  weakest  for  the  sample 
prepared  using  the  physical  mixing/calcination  method.  This  is 
easily  understood  because  the  solid-solid  reaction  required  the 
highest  energy  because  of  the  diffusion  block. 

Fig.  lb  presents  the  XRD  patterns  of  the  various  catalysts  after 
the  reduction  by  hydrogen  at  850  °C.  Diffraction  peaks  at  26  values 
of  43.3°,  50.5°  and  74.2°  in  the  XRD  patterns  of  all  three  copper- 
containing  samples  can  be  assigned  to  the  diffraction  planes  of 
(111),  (200)  and  (220)  of  the  Ni-Cu  alloy.  This  result  suggests  the 
formation  of  a  Ni— Cu  alloy  in  the  reduced  catalysts,  which  is 
consistent  with  the  observation  of  the  NiO— CuO  solid  solution  in 
the  unreduced  catalysts.  Interestingly,  a  Ni-Fe  alloy  appeared  for 
the  catalysts  prepared  via  IMP  and  PM,  while  the  peak  intensity  of 
this  alloy  was  less  pronounced  in  the  XRD  patterns  of  catalysts 
prepared  using  GNP.  For  the  copper-incorporated  catalysts  pre¬ 
pared  by  PM  and  IMP,  the  copper-free  NiFe-Zr02  catalysts  were 
first  prepared;  thus,  the  Ni-Fe  alloy  was  formed  before  the 
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introduction  of  copper.  For  NiFe-Zr02/Cu  (GNP),  all  of  the  raw 
materials,  including  copper,  nickel,  iron  and  zirconia,  were  pre¬ 
pared  in  a  mixed  solution  during  the  solution  combustion  syn¬ 
thesis.  Because  the  various  raw  materials  were  homogeneously 
mixed  on  the  atomic  level,  the  diffusion  resistance  required  for  the 
formation  of  NiO-CuO  solid  solution  is  negligible.  Because  much 
higher  concentrations  of  copper  ions  than  iron  ions  were  present  in 
the  mixed  solution,  the  formation  of  the  NiO-CuO  solid  solution 
was  preferred  over  the  NiO-FeO  solid  solution.  This  resulted  in  the 
NiFe  alloy  being  less  favored  after  reduction. 

Chemical  interactions  between  different  species  in  the  catalysts 
were  characterized  by  hydrogen  temperature-programmed 
reduction  (H2-TPR)  and  the  corresponding  profiles  are  shown  in 
Fig.  2.  According  to  the  literature,  two  types  of  reduction  peaks  may 
be  observed  in  the  H2-TPR  profiles  of  CuO,  located  at  220-260  °C 
and  330  °C,  which  were  assigned  to  the  reduction  of  highly 
dispersed  CuO  and  bulk  CuO,  respectively  25],  while  the  reduction 
of  free  or  unsupported  NiO  occurred  at  a  temperature  of  approxi¬ 
mately  330  °C  [26  .  Thus,  the  reduction  peaks  at  220-240  °C  can  be 
assigned  to  the  reduction  of  the  highly  dispersed  CuO  in  the  cata¬ 
lysts.  It  was  found  that  the  amount  of  such  highly  dispersed  CuO 
was  strongly  dependent  on  the  preparation  methods.  The  lowest 
peak  temperature  (220  °C)  and  the  narrowest  peak  suggested  that 
the  copper  was  most  highly  dispersed  in  the  catalyst  prepared  by 
GNP  because  of  the  atomic  level  homogenous  mixing  of  the  copper 
in  the  combustion  solution  stage.  The  reduction  peaks  at  approxi¬ 
mately  330  °C  were  assigned  to  the  simultaneous  reduction  of  bulk 
CuO  and  NiO.  For  the  NiFe-Zr02/Cu  (GNP)  catalyst,  the  reduction 
peak  was  much  weaker  than  those  in  the  catalysts  prepared  by  IMP 
and  PM,  suggesting  that  both  NiO  and  CuO  had  much  stronger  in¬ 
teractions  with  Zr02  in  the  catalyst  prepared  using  the  solution 
combustion  technique.  These  results  showed  that  multiple  reduc¬ 
tion  peaks  above  500  °C  in  the  FI2-TPR  profile  appeared  only  for  the 
NiFe-Zr02/Cu  (GNP)  catalyst  prepared  using  the  solution  com¬ 
bustion  technique. 

3.2.  Catalytic  performance  and  carbon  deposition 

Fig.  3  shows  the  methane  conversion  and  CO  selectivity  of  the 
copper-incorporated  catalysts  for  the  partial  oxidation  of  the 
methane  reaction  at  600-850  °C  with  a  methane-to-oxygen  ratio 
of  2:1.  From  Fig.  3a,  it  was  found  that  the  different  synthesis 
methods  could  directly  affect  the  catalytic  activity.  For  example,  the 
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Fig.  3.  CH4  conversion  (a)  and  CO  selectivity  (b)  of  the  NiFe-Zr02/Cu  (GNP),  NiFe- 
Zr02/Cu  (IMP)  and  NiFe-Zr02/Cu  (PM)  catalysts  for  the  partial  oxidation  of  methane 
(CH4:02  =  2:1). 


methane  conversions  at  850  °C  for  the  NiFe-Zr02/Cu  (GNP),  NiFe- 
Zr02/Cu  (PM)  and  NiFe-Zr02/Cu  (IMP)  catalysts  were  92.2%,  85.0% 
and  87.1%,  respectively.  The  catalyst  prepared  using  GNP  exhibited  a 
superior  catalytic  activity  for  methane  conversion  than  the  other 
two  catalysts.  When  the  operational  temperature  decreased  to  the 
range  of  750-800  °C,  the  methane  conversion  dropped  sharply  for 
all  three  catalysts.  Flowever,  when  the  temperature  decreased 
below  700  °C,  the  three  catalysts  presented  similar  activities  for 
methane  conversion.  For  example,  the  methane  conversions  were 
33.0%,  30.6%  and  30.6%  for  the  NiFe-Zr02/Cu  (GNP),  NiFe-Zr02/Cu 
(PM)  and  NiFe-Zr02/Cu  (IMP)  catalysts  at  650  °C,  respectively. 
Fig.  3b  displays  the  CO  selectivity  of  the  three  catalysts  for  the 
partial  oxidation  of  the  methane  reaction  at  600-850  °C.  At  high 
operating  temperatures,  all  of  the  catalysts  showed  good  CO 
selectivity.  For  example,  at  850  °C,  the  CO  selectivities  were  90.4%, 
86.5%  and  88.0%  for  the  NiFe-Zr02/Cu  (GNP),  NiFe-Zr02/Cu  (PM) 
and  NiFe-Zr02/Cu  (IMP)  catalysts,  respectively.  Flowever,  the 
decrease  in  reaction  temperature  led  to  a  reduced  CO  selectivity, 
especially  for  the  catalysts  prepared  by  IMP  and  PM.  In  fact,  the 
main  reaction  that  occurred  for  the  catalysts  prepared  by  IMP  and 
PM  at  600  °C  was  the  methane  deep  oxidation  reaction.  In  our 
previous  work,  the  Ni4Fel— Zr02  catalyst  showed  excellent  cata¬ 
lytic  activity  for  the  partial  oxidation  of  methane  at  temperatures 
above  650  °C  [17].  However,  in  this  study,  the  addition  of  copper 


Fig.  2.  H2-TPR  profiles  of  the  various  NiFe-Zr02/Cu  catalysts. 
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could  sharply  decrease  the  catalytic  activity,  especially  at  lower 
temperatures.  It  was  reported  that  the  addition  of  a  small  amount 
of  copper  (5—7  wt.%)  could  improve  the  catalytic  activity  of  Ni- 
based  catalysts  [27].  However,  the  addition  of  excess  copper  could 
lead  to  a  decrease  in  the  catalytic  activity  because  the  excess  copper 
could  cover  the  active  sites  on  the  surface  of  the  catalyst  [18].  Thus, 
during  this  study,  the  addition  of  50  wt.%  Cu  to  the  catalyst  led  to  a 
lower  catalytic  activity  for  the  partial  oxidation  of  methane.  How¬ 
ever,  when  the  catalyst  was  applied  as  the  anode  catalyst  layer  of  a 
fuel  cell,  a  sufficient  amount  of  copper  was  required  to  maintain 
high  electrical  conductivity.  The  electrical  conductivity  of  the  cat¬ 
alysts  will  be  discussed  later  in  this  study. 

A  key  criterion  for  evaluating  an  anode  catalyst  layer  is  its 
resistance  towards  coke  formation.  Previously,  we  have  demon¬ 
strated  that  carbon  deposition  onto  Ni4Fel-Zr02  showed  best 
coking  resistance  when  compared  to  the  pure  Ni-Zr02  and  pure 
Fe-Zr02  catalysts  in  the  same  conditions  [17].  Thus,  the  influence  of 
different  preparation  methods  on  the  carbon  deposition  behavior 
of  the  various  copper-containing  catalysts  was  investigated  by 
treatment  of  the  catalyst  under  a  stream  of  pure  methane  at  850  °C 
for  5  min,  followed  by  oxygen  temperature-programmed  oxi¬ 
dization  (O2-TPO)  analysis  on  the  spent  catalysts.  The  results  of  the 
analysis  are  shown  in  Fig.  4.  After  treatment  at  850  °C,  the  areas  of 
the  C02  peak  for  the  NiFe-Zr02/Cu  (GNP),  NiFe-Zr02/Cu  (PM)  and 
NiFe— Zr02/Cu  (IMP)  catalysts  were  2.16  x  10“6,  2.50  x  10  6  and 
8.95  x  1 0  7,  respectively.  These  results  indicated  that  NiFe— Zr02/Cu 
(IMP)  exhibited  superior  coking  resistance  compared  to  the  other 
two  catalysts.  This  result  likely  occurred  because  the  copper  that 
covered  the  nickel  surface  reduced  the  contact  of  nickel  with 
methane,  and  thus  decreased  the  coke  formation  rate,  as  well  as  the 
catalytic  activity. 

3.3.  Surface  conductivity 

As  previously  mentioned,  high  electrical  conductivity  is  impor¬ 
tant  in  many  applications  and  good  cell  performance  can  be  asso¬ 
ciated  with  high  electrical  conductivity.  Thus,  the  surface 
conductivity  of  the  various  NiFe-Zr02/Cu  catalyst  layers  was 
measured  by  applying  the  4-probe  DC  method  at  850  °C  in  a 
hydrogen  atmosphere.  It  was  reported  that  the  minimum  volu¬ 
metric  percentage  required  to  form  a  percolative  phase  in  a  com¬ 
posite  was  approximately  16  vol.%  [28,29].  In  the  proposed  NiFe- 
ZrC>2/Cu  catalyst,  the  estimated  volumetric  percentage  of  metallic 
copper  was  approximately  42%,  which  is  considerably  higher  than 


Fig.  4.  02-TPO  profiles  of  the  NiFe-Zr02/Cu  (GNP),  NiFe-Zr02/Cu  (IMP)  and  NiFe- 
Zr02/Cu  (PM)  catalysts  after  treatment  in  pure  methane  for  5  min  at  850  °C. 


the  aforementioned  threshold.  Thus,  in  principle,  all  of  the  three 
copper-containing  catalysts  could  present  considerable  surface 
conductivities.  However,  the  preparation  methods  could  dramati¬ 
cally  affect  the  surface  conductivity  properties,  the  results  of  which 
are  provided  in  Table  1.  For  comparison,  the  surface  conductivity  of 
a  Ni-YSZ  cermet  anode  is  also  presented.  The  values  of  the  surface 
conductivities  of  the  NiFe— Zr02/Cu  (GNP),  NiFe— Zr02/Cu  (PM)  and 
NiFe-ZrCh/Cu  (IMP)  layers  were  4.65,  10.4  and  9.19  S  cm-1, 
respectively.  Alternatively,  the  surface  conductivity  of  the  Ni-YSZ 
cermet  anode  was  12.3  S  cm-1,  which  was  nearly  identical  to  the 
values  of  the  NiFe— Zr02/Cu  (PM)  and  NiFe— Zr02/Cu  (IMP)  samples. 
Because  the  traditional  Ni-YSZ  anodes  are  good  current  collectors 
for  SOFCs,  the  results  of  the  present  study  indicated  that  the  copper 
formed  a  percolate  phase  in  the  catalyst  layers  prepared  by  PM  and 
IMP  and  that  these  two  samples  could  be  used  as  the  current  col¬ 
lector  under  actual  fuel  cell  conditions.  The  excellent  conductivity 
of  the  NiFe-Zr02/Cu  (PM)  and  NiFe-ZrC^/Cu  (IMP)  catalysts  pro¬ 
motes  their  wide  adoption  as  the  anode  catalyst  layer  in  SOFCs. 

3.4.  Performance  in  actual  cells 

The  as-prepared  catalysts  were  further  applied  as  anode  catalyst 
layers  in  actual  fuel  cells.  Fig.  5  shows  the  SEM  images  of  the 
catalyst  layers,  after  hydrogen  reduction,  from  the  surface  view. 
Fig.  5a  &  b,  c  &  d  and  e  &  f  are  the  SEM  images  for  NiFe-Zr02/Cu 
(GNP)  NiFe— Zr02/Cu  (IMP)  and  NiFe-Zr02/Cu  (PM),  respectively. 
As  shown  in  Fig.  5,  we  found  that  small  metal  particles  approxi¬ 
mately  50  nm  in  diameter  were  dispersed  on  the  surface  of  the 
catalyst.  However,  the  catalyst  layer  prepared  by  IMP  and  PM  had  a 
much  better  dispersion  for  these  small  metal  particles.  Thus,  the 
metal  particles  in  the  catalyst  layer  prepared  by  the  IMP  and  PM 
methods  formed  a  better  percolative  route  than  those  prepared 
using  the  GNP  method.  The  SEM  results  agree  well  with  the  surface 
conductivity  results.  The  impact  of  the  catalyst  layer  on  the  cell 
performance  was  first  evaluated  by  operating  with  hydrogen  fuel. 
Under  operation  on  with  hydrogen  fuel,  the  catalytic  activity  and 
coking  resistance  of  the  catalyst  layer  were  less  significant  on  the 
cell  power  output,  while  the  cell  performance  was  mainly  affected 
by  its  conductivity  and  gas  diffusion  properties.  Fig.  6  displays  the 
I-V  and  I—P  curves  of  fuel  cells  with  the  various  catalyst  layers 
operating  on  hydrogen  at  different  temperatures.  The  cell  with  the 
NiFe-Zr02/Cu  (GNP)  catalyst  layer  delivered  peak  power  densities 
(PPDs)  of  1159,  940,  699,  444  and  248  mW  cm”2  at  850,  800,  750, 
700  and  650  °C,  respectively  (Fig.  6a).  By  applying  the  NiFe-ZrO 2\ 
Cu  (IMP)  and  NiFe-ZrC^/Cu  (PM)  catalyst  layers,  PPDs  of  1238 
(Fig.  6b)  and  1103  mW  cm-2  (Fig.  6c)  were  obtained  at  850  °C  for 
the  cells,  respectively.  No  obvious  concentration  polarization  was 
observed  at  high  current  density  and  various  temperatures  for  all 
three  cells  with  different  catalyst  layers.  This  result  indicates  that 
the  NiFe-Zr02/Cu  catalyst  layers  performed  well  with  sufficient 
porosity.  The  high  power  output  also  suggests  the  sufficient  electric 
conductivity  of  the  catalyst  layers  after  the  incorporation  of  50  wt.% 
copper. 

The  various  cells  were  further  subjected  for  operation  with  a 
methane-oxygen  gas  mixtures  with  a  methane-to-oxygen  ratio  of 


Table  1 

Surface  conductivity  values  for  various  samples  using  the  four-point  surface  con¬ 
ductivity  probes  in  hydrogen  atmosphere  at  850  °C. 


Sample 

Surface  conductivity  (S  cm  ^ 

NiFe— Zr02/Cu  (GNP) 

4.65 

NiFe— Zr02/Cu  (PM) 

10.4 

NiFe— Zr02/Cu  (IMP) 

9.19 

Ni-YSZ 

12.3 
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Fig.  5.  SEM  images  of  the  surface  of  the  various  anode  catalyst  layers  after  hydrogen  reduction,  (a  &  b):  NiFe-Zr02/Cu  (GNP),  (c  &  d):  NiFe-Zr02/Cu  (IMP)  and  (e  &  f):  NiFe-Zr02/Cu 
(PM). 


4:1.  For  a  typical  methane  partial  oxidation,  the  methane-to- 
oxygen  ratio  should  be  2:1;  herein,  the  methane  rich  condition 
was  applied  to  accelerate  coke  formation  over  the  fuel  cell  anode  to 
further  evaluate  the  tolerance  of  carbon  deposition.  Relatively 
stable  performance  was  achieved  for  all  three  cells  with  different 
catalyst  layers.  Fig.  7  presents  the  corresponding  I—V  and  I—P  po¬ 
larization  curves.  The  cell  that  contained  the  NiFe-ZrC^/Cu  (GNP) 
catalyst  layer  delivered  PPDs  of  1080,  800,  561,  335  and 
155  mW  cm-2  at  850, 800,  750,  700  and  650  °C,  respectively,  which 
were  only  slightly  lower  than  those  operating  with  hydrogen  fuel. 
This  demonstrated  that  the  catalyst  layer  had  sufficient  catalytic 
activity  for  the  methane  partial  oxidation  and  CO2/FI2O  reforming. 
For  the  cells  that  contained  the  other  two  catalysts  layers,  compa¬ 
rable  cell  performance  was  also  obtained  at  high  temperature.  For 
example,  PPDs  of  1011  and  1165  mW  cm-2  were  obtained  at  850  °C 
for  the  cells  with  the  NiFe-ZrC^/Cu  (PM)  and  NiFe-ZrC^/Cu  (IMP) 
catalysts  layers,  respectively.  At  lower  operating  temperatures,  the 
difference  in  power  outputs  among  the  three  cells  became  more 
obvious.  For  example,  the  PPDs  of  the  fuel  cells  with  NiFe— Zr02/Cu 
(GNP),  NiFe— Zr02/Cu  (PM)  and  NiFe-Zr02/Cu  (IMP)  catalyst  layers 
that  utilized  methane-oxygen  fuel  at  650  °C  were  155,  200  and 
334  mW  cm-2,  respectively.  Thus,  NiFe— Zr02/Cu  (IMP)  is  more 
promising  for  SOFCs  operated  at  low  temperature.  According  to  the 
results  in  Fig.  3,  the  three  catalysts  had  comparable  activity  for 
methane  conversion  and  CO  selectivity  at  650  °C.  Thus,  the  differ¬ 
ence  in  power  output  at  650  °C  should  not  be  a  result  of  their 
catalytic  activity. 


Under  the  actual  fuel  cell  test  conditions,  in  addition  to  their 
performance  as  a  catalyst  for  fuel  reforming,  the  catalyst  layer  also 
performed  as  a  gas  diffusion  layer  to  protect  the  anode  from  being 
exposed  directly  in  the  hydrocarbon  fuels.  A  good  coking  resistance 
of  the  catalyst  layer  was  a  critical  element  in  maintaining  its  good 
mechanical  integrity  during  the  operation  and  also  protected  the 
anode  from  the  direct  exposure  to  hydrocarbons,  thereby  sup¬ 
pressing  coke  formation.  The  variation  in  power  outputs  of  the  cells 
at  650  °C  likely  related  to  the  different  coking  resistances  of  the 
various  catalysts.  We  then  further  studied  the  coking  resistance  of 
the  various  catalysts  towards  methane  by  first  treating  the  various 
catalysts  under  a  pure  methane  atmosphere  at  650  °C  for  5  min.  The 
catalysts  were  then  subjected  to  O2-TPO  analysis,  the  profiles  of  the 
CO2  signal  are  shown  in  Fig.  8.  The  NiFe-ZrC^/Cu  (IMP)  catalyst  had 
much  superior  coking  resistance  than  the  other  two  catalysts, 
which  was  indicated  by  much  smaller  CO2  peak  area.  The  amount  of 
carbon  deposited  on  the  NiFe-Zr02/Cu  (IMP)  catalyst  was  only 
30.0%  and  19.0%  of  those  on  the  NiFe-Zr02/Cu  (GNP)  and  NiFe- 
Zr02/Cu  (PM)  catalysts,  respectively.  As  shown  in  Fig.  9,  the  fuel 
cells  with  NiFe-Zr02/Cu  (IMP)  catalyst  layer  also  delivered  a  good 
operational  stability  without  any  degradation  for  approximately 
100  h  of  operation  on  methane-oxygen  gas  mixtures  under  the 
certain  current  density  of  250  mA  cm-2  at  650  °C.  A  current  density 
of  250  mA  cm-2  was  used  to  maintain  the  cell  voltage  at  around 
0.7  V,  which  is  beneficial  to  the  practical  applications.  The  above 
results  suggested  that  the  NiFe-Zr02/Cu  composite  catalyst  pre¬ 
pared  using  the  impregnation  method  is  highly  promising  as  a 
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Fig.  6.  I-V  curves  and  I—P  curves  for  the  fuel  cell  with  various  catalyst  layers  operating 
on  pure  hydrogen  at  different  temperatures,  (a):  NiFe-Zr02/Cu  (GNP),  (b):  NiFe-Zr02/ 
Cu  (IMP)  and  (c):  NiFe-Zr02/Cu  (PM). 


conductive  catalyst  layer  of  SOFCs  for  operation  on  methane  fuel 
with  improved  coking  resistance. 

4.  Conclusions 

The  current  study  aimed  to  determine  the  effects  of  preparation 
methods  on  the  performance  of  the  copper-incorporated  NiFe- 
Zr02  catalyst  layer  for  SOFCs.  For  the  partial  oxidation  of  methane 
reaction,  the  NiFe-Zr02/Cu  (GNP)  catalyst  displayed  a  slightly 
higher  catalytic  activity  than  the  NiFe-Zr02/Cu  (IMP)  and  NiFe- 
Zr02/Cu  (PM)  catalysts.  The  NiFe-Zr02/Cu  (IMP)  catalyst  possessed 
considerably  higher  coking  resistance  than  the  other  two  catalysts. 


Furthermore,  the  NiFe-Zr02/Cu  (PM)  and  NiFe-Zr02/Cu  (IMP) 
catalysts  showed  higher  surface  conductivities  than  the  NiFe-Zr02 / 
Cu  (GNP)  catalyst,  comparable  to  those  of  a  conventional  Ni— YSZ 
anode,  suggesting  that  the  former  two  copper-incorporated  cata¬ 
lysts  had  sufficient  conductivity  to  be  used  as  the  current  collector 
for  SOFCs.  When  operated  on  CFI4-O2  fuel,  PPDs  of  1080, 1011  and 
1165  mW  cm-2  were  obtained  by  the  fuel  cells  with  the  NiFe— Zr02/ 
Cu  (GNP),  NiFe— Zr02/Cu  (PM)  and  NiFe-Zr02/Cu  (IMP)  catalyst 
layers,  respectively.  Flowever,  a  decrease  in  the  operating  temper¬ 
ature  led  to  different  power  outputs.  The  fuel  cell  that  contained  the 
NiFe— Zr02/Cu  (IMP)  catalyst  layer  showed  a  much  higher  PPD 
operating  on  CFI4-O2  fuel  than  the  other  two  catalysts,  which  was 
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Fig.  7.  I-V  curves  and  I—P  curves  for  the  fuel  cell  with  various  catalyst  layers  operating 
on  80%  CH4  and  20%  02  at  different  temperatures,  (a):  NiFe-Zr02/Cu  (GNP),  (b):  NiFe- 
Zr02/Cu  (IMP)  and  (c):  NiFe-Zr02/Cu  (PM). 
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Fig.  8.  02-TP0  profiles  of  the  NiFe-Zr02/Cu  (GNP),  NiFe-Zr02/Cu  (IMP)  and  NiFe- 
Zr02/Cu  (PM)  catalysts  after  treatment  in  pure  methane  for  5  min  at  650  °C. 


Time  (hours) 

Fig.  9.  The  time  dependence  of  the  voltage  under  a  specific  current  density 
(250  mA  cm-2)  at  650  °C  of  the  fuel  cell  with  the  NiFe-Zr02/Cu  (IMP)  catalyst  layer 
operating  on  80%  CH4  and  20%  02  gas  mixtures  as  fuel. 

attributed  to  its  excellent  coking  resistance  ability  towards 
methane.  The  fuel  cell  that  contained  the  NiFe— Zr02/Cu  (IMP) 
catalyst  layer  also  exhibited  an  excellent  operational  stability  on 
CH4-O2  fuel  without  any  decay  for  100  h.  The  above  results  indi¬ 
cated  that  the  copper-incorporated  catalyst  prepared  via  the 


impregnation  method  could  be  used  as  a  conductive  and  coking- 
resistant  catalyst  layer  for  SOFCs  operating  on  methane. 
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